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Intriguing phenomena have been observed in low Q2
structure functions

= quark-hadron (Bloom-Gilman) duality

=p surprisingly small higher twist effects in (low)
moments of structure functions

=P anomalous approach of structure functions (e.g. R ratio)
to real photon limit

|dentification of correct low Q2 dynamics requires
careful treatment of “trivial”’ kinematical corrections

=P target mass corrections

=p related to behavior of structure functions in large-x limit

=> focus mainly on e scattering; results carry over to V case



Resonance-DIS transition

B As W decreases, DIS region gives way to region
dominated by nucleon resonances
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Resonance-DIS transition
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Duality in QCD

Operator product expansion
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Duality in QCD

Operator product expansion

=P expand moments of structure functions
in powers of 1/Q?

1
M, (Q?) :/0 de "% Fy(x,Q?)

A?(;L) A?(7J6)
+

:Ag)_|_ + ...

/

matrix elements of operators with
specific “twist” T

7 = dimension — spin



leading twist higher twist

R RN

T =2 T > 2

single quark qq and gg
scattering correlations



Duality in QCD

Operator product expansion

=P expand moments of structure functions
in powers of 1/Q?

1
M, (Q?) :/0 de "% Fy(x,Q?)

A?(;L) A?(7J6)
+

:A%Q)_F 4.,

If moment ~ independent of 0%

= higher twist terms A ~? small



Duality in QCD

Operator product expansion

=P expand moments of structure functions
in powers of 1/Q?

A7(7J4) A?(16)

Duality < suppression of higher twists

de Rujula, Georgi, Politzer,
Ann. Phys. 103 (1975) 315



Duality in QCD

B Considerable data exists in resonance region, W <2 GeV

— common wisdom: pQCD analysis not valid in resonance region

— in fact: partonic interpretation of moments does include
resonance region

B Resonances are an integral part of deep inelastic
structure functions!

— implicit role of quark-hadron duality



Proton F5 moments

relative contribution
of resonance region
to n-th moment ~

1\/In,Res/Mn,Tot

=P At Q°=1GeV?, ~70% of lowest moment of F7
comes from W < 2 GeV



Proton F5 moments
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== BUT resonances and DIS continuum conspire to
produce only ~ 10% higher twist contribution!

Ji, Unrau,
Phys. Rev. D 52 (1995) 72



Nachtmann moments

B Formulation in terms of usual (“Cornwall-Norton”) moments
mixes operators of same twist, but different spin, n

— irrelevant at large Q°, but important
at intermediate Q°/v° = 4M?2*/Q?

— “‘target mass corrections’” associated with
higher spin operators (trace terms in OPE)

B Nachtmann (1973) constructed moments in which only
operators with spin n contribute to the n-2 moment of
structure function

— automatically accounts for kinematical
finite M?/Q* effects



P

Parton kinematics

p+q mg = 0
2 2
p+aq) =m
| | ! pr =0
light-cone fraction of target’s momentum carried by parton
- pT - p’ + p* Nachtmann
§= P+ M scaling variable
= (= o r:\/1+4M2x2/Q2
147’

— z as Q% — oo



B 7n-th Nachtmann moment of F5 structure function

(@) = [t (BRI LI )
— n-th moment of PDFs at finite Q*
B Relate Nachtmann and CN moments
(@) = Mp(@) - "D A )
+ ((7; +_31)> ijf Mgy - M jg MPH(QY) +

— mixing between lower & higher CN moments



B 7-th Cornwall-Norton moment of F5
structure function

MP(Q?) = / dz 2" Fy(z, Q?)
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B take inverse Mellin transform (+ tedious manipulations)

=P target mass corrected structure function

52,0 = L p(e) + 62T / i€ F ()

r Q% rt

M4 4
+12——/ d¢’ /dg”F ¢

{ = r=+/1+4x2M2/Q?

... similarly for other structure functions Fi, F,



B numerically...
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=P TMCs significant at large z°/Q°, especially for Fy



B numerically... non-zero at x=1 !
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=P TMCs significant at large z°/Q°, especially for Fy



Threshold problem
B if F(y)~(1—y)° atlarge y
then since {=¢(z=1) <1
=p ['(&) >0

=p MO =10%>0

is this physical?

= problem with GP formulation?



Possible solutions

B Johnson/Tung - modified threshold factor

Nachtmann moment
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“regularized” amplitudes

=P 7, — OO, QQ fixed / (threshold-independent)
s (Q%) — &(Q%) 15 (Q%)



Possible solutions

B Johnson/Tung - modified threshold factor

Nachtmann moment

"(0?) = /01 gnl <3+3(n+1)r—|—n(n—|—2)r2> Fy (. %)

d
= s (n+2)(n+3)

ansatz  p5(Q%) = &(Q7%) (InQ?/A%) "™ A,

=P consistent with asymptotic pQCD behavior

==p not unique!

Bitar, Johnson, Tung
PLB 83B (1979) 114



Possible solutions

B Johnson/Tung - modified threshold factor
1
moreover, if identify A,, with M3 = / dr 2" % Fy(x)
0

pz (Q7) = & (Q7) M3(Q7)

- M Q) = p5(Q%) + 02 My +---
cf. exact expression
n 2 . .n 2 n(n—l)M2 n-+2
M3 (Q7) = pu3(Q7) + "+ 9 Q2M2 +

=P inconsistency at low Q°?



Possible solutions

B Kulagin/Petti - expand expressions in 1/Q2

@) = (1- 200 ) P Q)
M2 td 0
+ S (o[ SEeQ) - L)

Kulagin, Petti, NPA765 (2006) 126

=P has correct threshold behavior



Alternative solution

B work with & dependent PDFs

== 7-th moment A, of distribution function

Emax
A, = "
/O de € F(¢)

—p What is Emax !

@ GPuse {nax =1, & < & <1 unphysical
@ strictly, should use &max = &o

Steffens, WM
PRC 73 (2006) 055202



Alternative solution

B what is effect on phenomenology!?

I“

—> try several “toy distributions”

standard TMC (“sTMC”)
Q(S) — N 5_1/2 (1 o 6)3 y gmax =1

modified TMC (“mTMC”)
Q(g) — N 6_1/2 (1 - 5)3 @(f o 60)7 fmax — SO

threshold dependent (“TD”)

qTD(g) =N 5_1/2 (50 — 5)3 9 gmax — 50




TMCs in F5

03F Q=1 GeVZ scaling |
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—> correct threshold behavior for “TD” correction



TMCs in F5

03F Q=5 GeVZ2 v scaling -

—> effect small at higher Q*



Nachtmann F5 moments
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—> moment of structure function agrees with
moment of PDF to 1% down to very low Q*



w, /A

Nachtmann F5 moments
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—> higher moments show much weaker ”
dependence than sTMC & mTMC prescriptions
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Nachtmann F5 moments
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extract PDFs from structure function data
at lower Q°



0.06 |- Q2= 1 GeV? ———- sTMC A

—> correct threshold behavior for “TD” correction
—> reduced TMC effect ¢f. sTMC and mTMC



Nachtmann ;7 moments
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Summary

B Target mass corrections important at low Q2

B Formulations not unique

— best known Georgi/Politzer presciption suffers
from (unphysical) threshold problem at x ~ 1

B New formulation avoids threshold problem

— much weaker Q* dependence of moments

— introduces ¢ and & dependent PDFs

B Straightforward extension to neutrino structure functions



